ABSTRACT
INTRODUCTION

25
How organisms acquire novel traits or undergo adaptive trait divergence are central 26 questions in evolutionary ecology, as these processes facilitate niche shifts and the 27 colonisation of novel environments (Heard & Hauser 1995; Hunter 1998; Moczek 28 2008). In the aquatic realm, the evolution of hydric and osmotic regulation mechanisms 29 was a key innovation allowing transitions from marine to freshwater habitats in some context -something which has not been attempted to date in any lineage.
107
Here, we combine experimental, ecological and molecular data to track the evolution 2) The development of hyporegulation ability in saline waters was the primary 119 adaptation, secondarily leading to an increase in desiccation resistance. 3) Desiccation resistance and hyporegulation ability evolved in correlation.
In the first case, all species living in meso-or hypersaline waters should be efficient 122 hyporegulators and tolerant to desiccation, but the reverse needs not to be true (i.e. there 123 may be desiccation resistant species with low or no hyporegulation ability). In addition,
124
there could be species with high desiccation resistance and hyporegulation ability 125 primarily living in fresh -hyposaline waters (i.e. able to tolerate higher salinities even if 126 they -or their ancestors-have never occupied this type of habitat). In the phylogeny, 127 increases in hyporegulation ability may be expected to be preceded by increases in 128 desiccation resistance.
129
Under the second hypothesis the situation would be the reverse, and we could expect 130 that all species that are resistant to desiccation will be good hyporegulators, but not 131 necessarily vice versa (i.e. there could be hyporegulator species with low desiccation 132 resistance). In this case, an increase in desiccation resistance should be preceded by an 133 increase in hyporegulation ability across the phylogeny.
134
Finally, if desiccation resistance and hyporegulation ability evolved in correlation, 135 enhanced values of these traits should coincide phylogenetically. All species with high 136 hyporegulation ability should then be tolerant to desiccation, and vice versa. This would 137 still be observed under an exaptation process (hypothesis i or ii) if both tolerances are 138 governed by essentially identical physiological mechanisms and gene pathways.
139
There could be a fourth possibility, namely that there was an independent evolution of 140 desiccation resistance and hyporegulation ability. There is, however, ample evidence for 141 the association between tolerance to desiccation and salinity in Lumetus (Arribas et al.
Taxon sampling
145
A total of 220 specimens representing 18 of the 23 known species of the subgenus were 146 used to obtain the phylogeny of Lumetus (Table S1 ). Molecular data were obtained from and Hugoscottia and a related genus (Helochares) were used as outgroups, with two 150 more distantly related genera of Hydrophilidae, Hydrobius and Arabhydrus (Short & 151 Fikácek 2013) used to root the tree, resulting in a phylogeny of 43 species.
152
Data on hyporegulation ability and desiccation resistance were obtained 153 experimentally from adults of a representative subset of nine species (Table S2) .
154
Studied species included at least one from each of the main Lumetus clades obtained in 
157
Phylogeny of Lumetus
158
DNA from the new collected specimens was extracted and sequenced following the (Table S3 ).
Sequences were assembled and edited with Geneious 5.5.9 (Biomatters Ltd.
168
Auckland, New Zeland), using Ns (missing data) for ambiguous positions. Alignments 
190
We set two independent runs of 100 million MCMC steps each, sampling one tree 191 every 10,000 generations. LogCombiner (Drummond et al. 2012 ) was used to combine trees from both runs and to obtain 1,000 randomly resampled postburnin trees. The 
196
Ecological data, hyporegulation ability and desiccation resistance 197 To track habitat transitions across the salinity gradient, each Lumetus species was 198 assigned a qualitative salinity category according to our field data or bibliographic data 199 on the salinity of their most frequently occupied habitats. We followed the same criteria 
205
To determine the hyporegulation ability of the nine selected species (Table S2) (Table S4) . From each treatment, we obtained haemolymph
213
samples from a minimum of three of the exposed individuals (Table S4) showed the highest variation between species and were therefore used for subsequent 224 analyses.
225
Controlled desiccation experiments were conducted as described by Pallarés et al.
226
(2016). Specimens were exposed to desiccation at 20±5 % RH (relative humidity),
227
20±1ºC for 6 h. For each specimen, we measured the initial and final fresh mass (i.e. To account for topological uncertainty, the analyses for estimation of the phylogenetic 301 signal, PGLS and comparison of rates of phenotypic change were repeated using 1,000 302 randomly resampled post-burnin trees from the BEAST output.
303
RESULTS
304
Phylogeny of Lumetus
305
We obtained a well-resolved phylogeny of the subgenus Lumetus, with strong support 306 for most of the main nodes except for some internal nodes in the E. quadripunctatus 307 group (Figs 1 and S1 ). highly correlated with water loss but not with water content (Fig. S2c) .
333
Habitat transitions, evolution of desiccation resistance and hyporegulation 334 ability
335
Ancestral traits reconstruction and rates of evolution. For all traits studied, the 336 distributions of δ under BM and OU models showed a high degree of overlap,
337
indicating limited power to distinguish between evolutionary models (Fig. S3 ).
338
Ancestral state reconstruction was therefore made assuming the simplest model. i.e.
339
BM. All measures of absolute phenotypic change (shown in Table S6 ) were 340 significantly related to branch length (P < 0.05), except for water loss (P = 0.07).
341
Accelerated rates of phenotypic evolution of all traits were identified in several 342 branches across the tree (Figs 2 and S4 ).
343
The ancestor of Lumetus was inferred to be a species which lived in mineralized respectively, Fig. S5 ). Water loss progressively decreased after the split of E. testaceus 357 and within the E. bicolor group, alongside occupation of meso-and hypersaline waters.
358
In the clades occupying fresh to hyposaline waters, desiccation rates remained almost 359 constant, although some accelerated changes were identified within these, mostly on terminal branches (Fig. 2d) . Water content showed accelerated increases on several 361 branches, in some cases coinciding with rapid increases in hyposmotic capacity and 362 transition to saline waters (E. bicolor group) and also accelerated and significant 363 decreases in the E. quadripunctatus group (Fig. 2e) .
364
Likelihood ratio tests indicated that the global rate of evolution for maximum 365 hyposmotic capacity was significantly higher than for water loss and water content.
366
These same results were consistently recovered when analysing the 1,000 post-burnin 367 resampled trees (Table 1) .
368
Phylogenetic signal. For all traits, except for water loss, estimates of Pagel's λ were
369
close to 1 in all the resampled trees (although for habitat salinity λ was < 1 in 14% of 370 trees) and significantly better than those obtained when the phylogenetic structure was 371 erased (λ = 0), indicating a significant phylogenetic signal (Table 2 ). For hyposmotic 372 capacity and water content, estimated λs were also better than those from a model in (Table 2) .
376
Relationships between traits. In PGLS analyses (Table S7) habitat salinity showed no 377 significant relationships either with maximum hyposmotic capacity or desiccation traits
378
( Fig. 3a-c) in any of the analysed trees. Variability in maximum hyposmotic capacity 379 and desiccation traits was higher amongst freshwater species than saline ones (i.e.
380
mineralized-hypersaline taxa). In saline species, hyposmotic capacity and desiccation 381 resistance tended to increase with habitat salinity (Fig. 3a-c) .
382
Maximum hyposmotic capacity was negatively related to water loss in 100% of the 383 resampled trees and with water content in 58% of the trees. However, these relationships were strongly influenced by the outlier values that one species, E.
385
salomonis, showed for these variables. After removing this species from PGLS, the 386 relationship with water loss was not significant and the relationship with water content 387 became stronger and significantly positive for all the analyzed trees (Table S7 , Fig. 3d E. quadripunctatus in Fig. 4 , or E. salomonis in Fig. 5 .
399
DISCUSSION
400
The reconstruction of habitat transitions, desiccation and osmoregulatory traits in
401
Lumetus species suggest that hyporegulation ability, an essential trait for the 402 colonisation of hyperosmotic media by aquatic insects, arose as a mechanism derived 403 from those originally developed to deal with desiccation stress in this lineage, in 404 agreement with our first hypothesis.
405
The ancestral reconstruction of water loss suggests that the most common recent 406 ancestor of Lumetus had similar desiccation resistance to extant species of the subgenus.
407
Water loss did not change abruptly through the evolutionary history of the lineage, but 
516
The fundamental salinity tolerance niche of some fresh-hyposaline species was also Fig. S1 and Table S1 for details on terminals). Table 2 . Ranges of the estimated Pagel's λ (for the randomized sample of 1,000 post-burnin trees) and P-values for the likelihood ratio test comparing estimated λ with a model assuming λ = 0 or λ = 1 (for the consensus tree). 
